Introduction
An effort is underway at the NASA Lewis Research Center to develop a two and three-dimensional Navier-Stokes code, They are solved by marching in time using a fully-coupled alternating direction implicit solution procedure with generalized first or second order time differencing. (3) (4) The boundary conditions ,are also treated implicitly, and may be steady or unsteady. All terms, including the diffusion terms, are linearized using second order Taylor series expansions.
Two versions of the Proteus code exist: one for twodimensional planar and axisymmetric flow, and one for threedimensional flow. In addition to solving the full time-averaged Navier-Stokes equations, Proteus includes options to solve the thin-layer or Euler equations, and to eliminate the energy cquation by assuming constant stagnation enthalpy. Artificial viscosity is used to minimize the odd-even decoupling resulting from the use of central spatial differencing for the convective terms, and to control pre-and post-shock oscillations in supersonic flow. Two artificial viscosity models are available --a combination implicit/explicit constant coefficient model (5) , and an explicit nonlinear coefficient model designed specifically for flows with shock waves. (6) (7) .
At the NASA Lewis Research
Center, the code is typically run either on the CRAY X-MP or the CRAY Y-MP computer, and is highly vectorized. packing in the vertical direction near the plate surface such that the ratio of the minimum to maximum cell height, defined as the packing ratio, was 0.05; the grid was uniform in the x-direction. Figure I .
For the initial conditions, u, the horizontal x-velocity, and v, the vertical y-velocity, were computed using the Blasius solution.
The static pressure, p, was set to p**, the freestream static pressure, everywhere.
For the boundary conditions, at the upstream boundary results. Figure 4 shows the local skin friction coefficient plotted against Re0, the Reynolds number based on 0, the momentum thickness. A study was done to minimize the number of grid points in the streamwise and normal directions required to accurately compute the above described laminar flow. The results of this study are shown in Figures 
Turbulent Flat Phtte Flow
Results for incompressible turbulent flow over a fiat plate are shown in Figures 9-11 . For the cases shown, the freestream Math number was 0.2 and Rex ranged from 4,000,000 at the upstream computational boundary to 16,000,000 at the downstream boundary. A lOlx191 grid was used with packing in the vertical direction at the plate surface such that the packing ratio was 0.005. Grid packing was also used in the x-direction at the upstream boundary such that the packing ratio was 0.05. considered, such as using a u-profile computed from the Musket expression and v either computed 'from the continuity equation or extrapolated, or moving the upstream boundary to the leading edge of the plate where u --u=, and v=0. These boundary conditions, however, were not as effective as the chosen conditions.
Overall, Figures 9-11 an average Mach number of approximately 0.1 was used, and ReD, the Reynolds number based on the pipe diameter, was 100. The pipe length was set to 10 diameters, and a 51 axial by 21 radial grid was used. For the initial flow field, u =v = 0 and p = Pr, where Pr is the reference pressure which was set to standard sea level pressure.
For the boundary conditions, the inlet and exit pressure were chosen to achieve a pressure drop calculated by pipe design formulas.
For In Figure 12 , the nondimensionalized axial velocity, u/u0, is plotted against the nondimensionalized radial position, r/R, with u0 equal to the average velocity, r equal to the radial position in the pipe and R equal to the pipe radius. Results are plotted at various axial locations in the pipe, represented nondimensionally as x/[(R)(ReR)], with ReR equal to the Reynolds number based on R. The Proteus results are shown as curves and the experimental data as symbols.
As can be seen, the Proteus velocity profiles coincide fairly well with the experimental data and exhibit the distinctive bullet or Poisueille profile. Figure 13 represents the axial velocity in the pipe at selected radial positions.
Again, the Proteus results are shown as curves and the experimental data as symbols. Here, the Proteus agreement is also good, but note that in both Figures 12 and 13 , there is a slight deviance in the near-wall region where r/R = 0.9. Previous work has shown that this might be improved by packing more grid points near the wall to better resolve the steep gradients imposed by the no-slip wall boundary conditions.
Overall, Proteus performs well for laminar developing pipe flows. 
